While various observations measured ellipticities of galaxy clusters and alignments between orientations of the brightest cluster galaxies and their host clusters, there are only a handful of numerical simulations that implement realistic baryon physics to allow direct comparisons with those observations. Here we investigate ellipticities of galaxy clusters and alignments between various components of them and the central galaxies in the state-of-the-art cosmological hydrodynamical simulation Horizon-AGN, which contains dark matter, stellar, and gas components in a large simulation box of (100h −1 Mpc) 3 with high spatial resolution (∼ 1 kpc). We estimate ellipticities of total matter, dark matter, stellar, gas surface mass density distributions, X-ray surface brightness, and the Compton y-parameter of the Sunyaev-Zel'dovich effect, as well as alignments between these components and the central galaxies for 120 projected images of galaxy clusters with masses M 200 > 5 × 10 13 M . Our results indicate that the distributions of these components are well aligned with the major-axes of the central galaxies, with the root mean square value of differences of their position angles of ∼ 20 • , which vary little from inner to the outer regions. We also estimate alignments of these various components with total matter distributions, and find tighter alignments than those for central galaxies with the root mean square value of ∼ 15 • . We compare our results with previous observations of ellipticities and position angle alignments and find reasonable agreements. The comprehensive analysis presented in this paper provides useful prior information for analyzing stacked lensing signals as well as designing future observations to study ellipticities and alignments of galaxy clusters.
INTRODUCTION
Galaxy clusters have played a crucial role in establishing the standard cosmological model and in constraining cosmological parameters. For example, various observable of galaxy clusters are often used to constrain cosmological parameters such as the number density of galaxy clusters in X-E-mail: taizo.okabe@utap.phys.s.u-tokyo.ac.jp ray (e.g. Vikhlinin et al. 2009; Böhringer et al. 2014; Mantz et al. 2014; de Haan et al. 2016; Schellenberger & Reiprich 2017) , optical (e.g. Rozo et al. 2010; Zu et al. 2014; Hamana et al. 2015; Liu et al. 2015; Shan et al. 2018) , radio (e.g. Reichardt et al. 2013; Benson et al. 2013; Planck Collaboration et al. 2014 Horowitz & Seljak 2017) , baryon fraction in clusters (e.g. Allen et al. 2004; LaRoque et al. 2006; Allen et al. 2008; Simionescu et al. 2011) , and joint analysis of diameter distances for X-ray surface brightness and the Sunyaev-Zel'dovich effect (e.g. Schmidt et al. 2004; Bonamente et al. 2006; Wei et al. 2015) . In such cosmological studies, the sphericity of dark matter haloes of galaxy clusters is usually assumed.
However, observations suggest that the shape of galaxy clusters is more like triaxial rather than spherical which has been measured by using various estimators such as the distribution of member galaxies (e.g. Fasano et al. 1993; Strazzullo et al. 2005; Panko et al. 2009; Biernacka et al. 2015; Shin et al. 2017) , weak lensing (e.g. Evans & Bridle 2009; Oguri et al. 2010 Oguri et al. , 2012 Clampitt & Jain 2016; van Uitert et al. 2017) , strong lensing (e.g. Richard et al. 2010 ), X-ray surface brightness (e.g. Kawahara 2010; Lau et al. 2012; Parekh et al. 2015; Lovisari et al. 2017) or SunyaevZel'dovich (SZ) effect (e.g. Donahue et al. 2016) . Furthermore, many numerical simulations have also reported that the shape of dark matter haloes is approximately triaxial (e.g. Chen et al. 2015; Despali et al. 2016 Despali & Vegetti 2017; Vega-Ferrero et al. 2017) , and their axis ratios depend on cosmological parameters (e.g. Suwa et al. 2003; Rahman et al. 2004; Ho et al. 2006) . Therefore, the triaxiality or ellipticity of galaxy clusters should be taken into account to estimate cosmological parameters more accurately from galaxy clusters.
In addition, simulations suggest that the ellipticity of galaxy clusters can be used to test various physics. For example, the shape of dark matter distributions in galaxy clusters are affected by implemented baryon physics (e.g. Bett et al. 2010; Schaller et al. 2015; Bryan et al. 2013; Suto et al. 2017) , which would be much rounder in all scales up to ∼ 1 Mpc without the feedback effect from the active galactic nucleus (AGN) (e.g. Suto et al. 2017) . Self interacting dark matter models predict more spherical distributions in the inner region of galaxy clusters than collisionless dark matter (e.g. Yoshida et al. 2000; Spergel & Steinhardt 2000; Davé et al. 2001; Feng 2010; Rocha et al. 2013; Peter et al. 2013; Tulin & Yu 2017) . Modified gravity theories generally predict more spherical mass distributions at scales larger than member galaxy distributions (e.g. Hellwing et al. 2013; Khoury 2015; L'Huillier et al. 2017b ).
The alignment of major axes of matter distributions in galaxy clusters is also useful for testing the structure formation scenario in standard Λ-dominated cold dark matter (ΛCDM) model. The ΛCDM model predicts the hierarchically structure formation, which results in the existence of coherent structures well aligned at various scales. Observationally, the alignment between major axes of central galaxies and those of member galaxy distributions in galaxy clusters was first recognized by Sastry (1968) , and measured in detail by Binggeli (1982) . Many observations have reported the alignment between central galaxies and distributions of member galaxies (e.g. Argyres et al. 1986; Djorgovski 1987; Rhee & Katgert 1987; Lambas et al. 1988; West et al. 2017) , central galaxies and X-ray surface brightness (XSB) distributions (e.g. Rhee & Latour 1991; Porter et al. 1991; Hashimoto et al. 2008) , central galaxies and weak lensing signals (e.g. Clampitt & Jain 2016; Shin et al. 2017; van Uitert et al. 2017 ), distributions of member galaxies and weak lensing signals (e.g. Evans & Bridle 2009; van Uitert et al. 2017) , strong lensing and weak lensing (Oguri et al. 2012) , and among XSB, SZ, lensing signals, and central galaxies (Donahue et al. 2016 ).
Numerical studies based on N-body simulation also suggest the existence of the alignment between central subhaloes and host clusters (e.g. Dubinski 1998; Faltenbacher et al. 2008; Schneider et al. 2012; Song & Lee 2012) . However, there are only a few numerical studies that estimate the alignment between central galaxies or gas distributions and dark matter haloes of host clusters (e.g. Velliscig et al. 2015a; Tenneti et al. 2015) , given that dark matter only Nbody simulations cannot derive position angles of central galaxies. While simulations with baryon effects are needed to investigate such alignment, they are challenging because baryon processes such as gas dynamics, star formation, and feedback are too complicated to be fully implemented. In addition, to analyse the alignment statistically we need both high resolution to resolve central galaxies and a large simulation box to contain sufficient number of galaxy clusters.
The Horizon-AGN simulation (Dubois et al. 2014 ) is a state-of-the-art hydrodynamical cosmological simulation that enables us to investigate the alignment at high precision. It simulation solves the evolution of dark matter, stellar, and gas components in a large simulation box of (100h −1 Mpc) 3 with high spatial resolution (∼ 1 kpc). It simulation contains many galaxies and galaxy clusters and can explain various observations from galaxy (∼ 10 kpc) to galaxy cluster scales (∼ 1 Mpc) (e.g. Dubois et al. 2016; Peirani et al. 2017) . There are previous studies to estimate the ellipticities and alignments of different components using the Horizon-AGN simulation. Suto et al. (2017) measured ellipticities of projected distributions but they did not study the alignments among different components. Chisari et al. (2017) investigated the alignment between galaxies and their host dark matter haloes. In this paper, we present a more comprehensive study of projected ellipticities and position angles of various components, including the central galaxies, dark matter, stellar, gas, total surface mass density, XSB, and SZ proxies of galaxy clusters. Our theoretical predictions based on the realistic hydrodynamical simulation should provide useful guidance for interpreting various observations of ellipticities and alignments as well as designing future observations on this topic.
The structure of this paper is as follows. We summarize the Horizon-AGN simulation in Section 2, and describe our fitting procedure in Section 3. In Section 4, we discuss correlation of ellipticities and position angles among different components. We present statistical values of ellipticities and position angles in Section 5, and compare them with observations in Section 6. We summarize our results in Section 7. In Section Appendix A, we show representative images of three clusters to show the morphological diversity of galaxy cluster that we analysed in this paper.
IDENTIFYING GALAXIES AND CLUSTERS IN THE HORIZON-AGN SIMULATION
The Horizon simulations consist of three simulations, Horizon-AGN, Horizon-noAGN, and Horizon-DM. In this paper, we use the Horizon-AGN simulation, although there is another cosmological hydrodynamical simulation, Horizon-noAGN (see Peirani et al. 2017) . The HorizonnoAGN simulation adopts exactly the same initial condition and physical process except for AGN feedback. Suto et al. (2017) compared axis ratios of galaxy clusters in the Horizon-AGN with those in Horizon-noAGN to find large effects of AGN feedback on the axis ratios. However, Suto et al. (2017) also found that AGN feedback is important to match simulations with various observations such as mass density profiles, temperature profiles, and ellipticities of galaxy clusters. This is why we focus on the Horizon-AGN simulation in the paper.
Horizon-AGN Simulation
We examine the correlations of non-sphericities of projected surface densities among different components of simulated galaxy clusters. In particular, we are interested in the alignment of their position angles with respect to those of central galaxies. Clearly this requires a cosmological hydrodynamical simulation implemented with detailed baryon physics and also with high spatial and mass resolutions to identify central galaxies in the cluster centres. We thus focus on the Horizon-AGN simulation, the state-of-the-art cosmological hydrodynamical simulation. The detail of this simulation is already described in Dubois et al. (2014) . Thus we summarize only its major features relevant to our current work. The Horizon-AGN simulation adopts the standard ΛCDM cosmological model. The cosmological parameters are based on the seven-year Wilkinson Microwave Anisotropy Probe (Komatsu et al. 2011) ; Ω m,0 = 0.272 (total matter density at present day), Ω Λ,0 = 0.728 (dark energy density at present day), Ω b,0 = 0.045 (baryon density at present day), σ 8 = 0.81 (amplitude of the power spectrum of density fluctuations that are averaged on spheres of 8h −1 Mpc radius at present day), H 0 = 70.4 km/s/Mpc (Hubble constant), and n s = 0.967 (the power-law index of the primordial power spectrum).
The simulation is performed in a periodic cube of (100h −1 Mpc) 3 , and the initial condition is generated with MPGRAFIC software (Prunet et al. 2008) . The simulation follows the evolution of three different components, dark matter, gas, and star. Dark matter is represented by N = 1024 3 equal-mass particles in the entire box, corresponding to the mass resolution of 8.27 × 10 7 M . Baryon gas is assigned over the meshes in the simulation box, and its evolution is solved with the adaptive mesh refinement code RAMSES (Teyssier 2002) . Star is represented by collisionless particles, whose formation is modeled on the basis of an empirical Schmidt law. Since those star particles are created according to a random Poisson process, their masses are not the same, but typically around 2 × 10 6 M .
The evolution of collisionless particles (dark matter and star) are followed by the particle-mesh solver with a cloudin-cell interpolation. Therefore the spatial resolution depends on the size of the local cell where those particles are located. The initial size of the gas cell is 136 kpc, and then refined up to 1.06 kpc (= 136/2 7 kpc after seven times refinement), which corresponds to the highest spatial resolution achieved in the simulation.
In addition to radiative cooling and hydrodynamical evolution of gas component, feedback from stars is implemented assuming the Salpeter initial mass function (Salpeter 1955 ) with lower and upper mass limits of 0.1M and 100M , respectively. The mechanical energy from Type II supernova explosions and stellar winds is computed according to the STARBURST99 (Leitherer et al. 1999 (Leitherer et al. , 2010 with the frequency of Type Ia supernova explosions computed using Greggio & Renzini (1983) .
There are two different AGN feedback modes in the Horizon-AGN simulation; one is radio mode and the other is quasar mode depending on the Eddington ratio χ ≡ M BH / M Edd , where M BH is the accretion rate onto black holes and M Edd is the effective upper limit of the accretion (Eddington accretion rate). Recent observations (e.g. Cheung et al. 2016 ) support that both modes exist. At low accretion rate χ < 0.01, feedback from black holes behaves as radio mode which injects the energy into a bipolar outflow with a jet velocity of 10 4 km s −1 . The outflow jet is modeled as a cylinder following Omma et al. (2004) . Dubois et al. (2010) describes more details. The energy deposition rate of the radio mode is computed by E AGN = f r M BH c 2 where f is the free parameter, r is the radiative efficiency, and c is the speed of light. The radiative efficiency is assumed to be equal to r = 0.1 following Shakura & Sunyaev (1973) , and f is set to unity for the radio mode. The quasar mode is adopted at high accretion rate χ > 0.01, which deposits the thermal energy into the gas isotropically at an energy deposition rate E AGN . The free parameter f is chosen so as to reproduce various observations such as the scaling relations between black hole masses and galaxy properties (bulge masses and velocity dispersions of stars) and the black hole density in our local Universe. The details are given in Dubois et al. (2012) .
The dataset from the Horizon-AGN simulation has been examined in detail by various authors from different aspects, and has been shown to reproduce well observed properties such as intrinsic alignment of galaxies (Chisari et al. 2015 (Chisari et al. , 2016 , morphological diversity of galaxies, galaxy-halo mass relation, size-mass relation of galaxies , AGN luminosity function, black hole mass density , density profile of massive galaxies (Peirani et al. , 2018 , high-mass end of the galaxy stellar mass function (Beckmann et al. 2017) , luminosity functions of galaxies, stellar mass functions, the star formation main sequence, rest-frame UV-optical-NIR colours, the cosmic star formation history in the redshift range 1 < z < 6 (Kaviraj et al. 2017) , ellipticities of X-ray galaxy clusters (Suto et al. 2017) , and tight relation between black hole masses in the brightest group/cluster galaxies and their host group/cluster masses (Bogdan et al. 2017) . These properties are not accounted for in the Horizon-noAGN.
Locating Galaxy Clusters and Central Galaxies
We identify dark matter haloes using the ADAPTAHOP halo finder (Aubert et al. 2004; Tweed et al. 2009 ). We pick up all cluster sized dark matter haloes with masses larger than 5 × 10 13 M . The masses of dark matter haloes are defined by those within spherical average density larger than 200 times the critical density of the Universe. We regard these haloes as galaxy clusters. The total number of these galaxy clusters is 40 in the Horizon-AGN simulation. The definition of the centre of each cluster needs to be considered carefully as well. One reasonable option is to compute the centre-of-mass for each cluster from their dark matter, star and gas components. This is a straightforward procedure in simulation data, but is difficult to apply in observations. In reality, the centre of observed galaxy clusters is often defined as the location of its brightest cluster galaxy (BCG). While we can compute the luminosity of each galaxy in principle (Dubois et al. 2014) , it is complicated and also subject to uncertainty of the star formation history. Therefore we decide to adopt the position of the most massive galaxy (within 1 Mpc from the most bound particle of each halo) as the centre of cluster, where galaxies are identified with the ADAPTAHOP finder applying to stellar particles. In this paper, we call such a galaxy as central galaxy (CG) so as to distinguish it from BCG. In practice, however, they are supposed to be almost identical to the observed BCGs. Thus we identify these two populations when we compare our results with the observation in Section 6.
Since the observational data provide only projected images, we focus on the projected alignment between CG and other components in our simulation. First we determine the position angle and ellipticity of projected CG. Following Suto et al. (2017) , we use the mass tensor to estimate the ellipticity and the position angle:
where m
are the mass and the projected position vector of the i-th CG particle relative to the centre of mass, respectively. The summation runs over the N CG star particles within the ellipse whose size is √ ab = 20 kpc, where a and b are the semi-major and semi-minor axes, respectively. We diagonalize the mass tensor to obtain semi-major axis a, semi-minor axis b, and position angle θ. We start from a circle with radius of r = 20 kpc centred at the centre of mass of CG particles. Then we reset the centre of mass of particles within the new ellipse and compute the tensor iteratively until both eigenvalues of the tensor are converged within 10 −8 . The bottom panels in Fig. A1 , A2, and A3 show examples of resulting ellipses for three galaxy clusters.
When both eigenvalues converge, we obtain values of semi-major axis a CG , semi-minor axis b CG , the centre of mass x CM CG,α , and position angle θ CG of the CG. We define the ellipticity of the CG as:
For each cluster, we consider three different projection directions assuming x-, y-, and z-axes as line-of-sight directions. We regard these three projections as independent so that we effectively have N cl ≡ 120 galaxy clusters for our analysis. Although the three different projection directions are not independent, we confirmed that our results such as mean ellipticities and the rms of position angle differences between various components shown in Section 5.2 are not significantly changed even if we do not combine results with these three different projection directions.
ELLIPTICITY AND POSITION ANGLE FROM PROJECTED IMAGES OF THE CLUSTERS
In the Horizon-AGN simulation, dark matter and star are defined by particles but gas is computed in the adaptive mesh. Each dark matter particle has the same mass and has the position, whereas each star particle has both a position and mass. Each adaptive mesh contains position, mass, metallicity, temperature, and size of the mesh.
In this paper, we compare the ellipticity and position angle for projected images of X-ray surface brightness (XSB), Compton y−parameter (SZ), total surface mass density (tot), dark matter surface mass density (DM), star surface mass density (star), and gas surface mass density (gas) of galaxy clusters in the Horizon-AGN simulation. To create these projected images, we first define a cube with a size of (4.24 Mpc) 3 centred at the CG. Note that the position of the CG is defined as the center of mass x CM CG,α computed in Section 2.2. Then, we divide the cube into (4001) 3 meshes with a size of (1.06 kpc) 3 , which corresponds to the minimum size of the adaptive mesh in the Horizon-AGN simulation. Mass densities of dark matter, star and gas, metallicity, and temperature, are assigned to each mesh. For dark matter and star, mass densities are simply computed by the nearest grid point method, in which mass of each particle is assigned to the nearest mesh in a projected plane. Since the gas property is computed in the adaptive mesh, we divide all meshes into the smallest meshes of (∆ = 1.06 kpc) 3 with the same values of temperature, metallicity, and mass density. For these projected images, ellipticity and position angle are estimated by using a tensor weighted by projected values such as surface mass density, XSB, and y-parameter as described in the following subsections.
Surface densities of different components
Projected images are created as follows:
(I) surface mass density (DM, star, gas, and tot): We compute the mass density of the mesh
where 0 ≤ i, j, k ≤ 4000 are indices specifying the mesh, and m A (i, j, k) and ρ A (i, j, k) are mass and mass density of A component (A = DM or star or gas) in (i, j, k) mesh, respectively. The surface mass density is calculated by integrating the mass density along the line of sight:
The total mass density is simply computed by the summation of all these components,
(II) X-ray Surface Brightness (XSB): The X-ray Surface Brightness (XSB) is calculated as
where n gas (i, j, k), Λ(T, Z), T = T(i, j, k), and Z = Z(i, j, k) denote the number density, cooling function, temperature, and metallicity of the gas in a mesh specified by (i, j, k), respectively. We use the package SPEX (Kaastra et al. 1996) to derive the cooling function, Λ, for the photon energy band, 0.5 keV< E < 10 keV. The molecular number density of the gas is computed from the mass density:
where µ and m p represent the mean molecular weight and mass of proton, respectively. We confirmed the mean molecular weight is almost constant independent of the position of meshes within the range of our interest. Since we are interested in only the shape of each component, the normalization does not affect our results and exact value of µ is not important.
(III) Compton y-parameter of the Sunyaev-Zel'dovich effect (SZ) : The thermal Sunyaev-Zel'dovich effect is characterized by the Compton y-parameter. We calculate the y-parameter in the Horizon simulation as follows:
Fig. 1 plots an example of the images projected to the z-direction for one cluster in our sample. The further detail of this cluster is described in Section 3.3.
Procedure of ellipse fit
In order to estimate the ellipticity of each component described in Section 3.1, we use surface density weighted tensor:
and Σ A (i, j) denote the projected position relative to centre of mass and value of (i, j) cell, respectively. The summation runs over cells within a given enclosed ellipse region.
We basically follow Suto et al. (2016 Suto et al. ( , 2017 to estimate ellipticities and position angles. However, we fix the centre of the ellipse to that of CG, x CM CG,α derived in Section 2.2, unlike those papers where they set the centre to the centre of mass since we are especially interested in the ellipticity and position angle that can be directly compared with observations.
We diagonalize the tensor to obtain values of axis ratio b/a(< 1) and position angle. We define the ellipticity as ≡ 1 − b/a. Starting from a circle with radius r, the above process is iterated changing the axis ratio b/a until both two eigenvalues of the tensor converge within 10 −8 . We confirm that both values of ellipticity and position angle converge well by this convergence criteria. When both eigenvalues converge, we obtain the final values of ellipticities A , and position angles θ A . Finally, we repeat the same analysis for each galaxy cluster with different sizes of the ellipse,
An example of the ellipse fit
In this subsection, we discuss the resulting images and ellipses derived by the above procedure for the cluster as an example. We select the same cluster as illustrated in Fig. 3 of Suto et al. (2017) , which is the most massive single-core dominated cluster with mass of M 200 = 6.2×10 14 M . 1 Fig. 1 shows images projected along the z-direction of the simulation box for six components (tot, DM, star, gas, XSB, and SZ). Since we are interested only in the shape of cluster, the absolute values of colour scales are not shown. Position angles for the six components at all scales are roughly aligned relative to that of CG. This is one of our main results, which will be discussed more statistically in Sections 4 and 5. Comparing the ellipses for the six components, the stellar density distribution is more elongated, while those of gas components (gas, XSB, and SZ) are more spherical than that of DM. The former is because stellar components suffer from strong radiative cooling. The latter is because the gas distribution follows the gravitational potential of the host cluster that is rounder than the matter distribution. Total matter density distribution is almost the same as that of dark matter, simply because total matter density is dominated by dark matter. We also evaluate the differences among different projection directions. Fig. 2 simultaneously plots ellipticity and position angle for each component as a function of scale √ ab. The above statements for z-direction hold also for the other projections, x-, and y-directions; the position angles are clearly aligned with respect to the CG at almost all scales, gas components are more circular and stellar components are more elongated than that of dark matter, and finally the density distribution of total matter is quite similar to that of dark matter. The ellipticity does not change substantially against the scales except for that of stellar distribution which is sensitive to the presence of substructures. Since these results are just derived one cluster, we examine these features more statistically using all the 40 clusters in the next Section.
CORRELATION OF ELLIPTICITIES AND POSITION ANGLES AMONG DIFFERENT COMPONENTS

Alignment of position angles
We pay particular attention to position angles with respect to the CG and among components to understand the correlation of matter density distributions. Fig. 3 plots the correlations of position angles relative to the CG for different components evaluated at √ ab = 0.1, 0.5, and 1.0 Mpc. If density distributions are aligned with the CG, symbols are expected to be clustered around the origin (0, 0). For all the three components, the position angles are clustered at the origin indicating that these density distributions are well aligned with the major-axis of the CG. At along the z-direction of simulation); total density (upper-left), dark matter density (upper-centre), star density (upper-right), gas density (lower-left), X-ray surface brightness (lower-centre), and y-parameter from the SZ effect (lower-right). Those quantities are sampled in 1.06 kpc×1.06 kpc pixels before integrated along the line-of-sight. Colour-coded according to their absolute values. Solid curves indicate to ellipses computed by the tensor method described in Section 3.2, corresponding to
e., the area of each ellipse is πab) The direction of the major-axis of CG is also shown at the lower right in star image. scales, which indicates that all the components are relatively well aligned in the inner region. The distributions of the alignments relative to the CG is consistent with the result for the cluster described in Section 3.3. Incidentally, Fig. 3 also indicates the alignment of position angles among different components even if outer region where the alignments of position angles relative to the CG are worse. We discuss this point more detail below in Section 5.2.
Correlation of ellipticities
Since inferring the density distribution of gas from observational data is generally difficult, we also consider XSB and SZ, which are directly observable. For the similar reason, we also consider total matter density, which can be estimated from lensing analysis. Fig. 4 shows scatter plots for different components evaluated at √ ab = 0.1 Mpc with that of the CG. There are no tight correlations of ellipticities between these components and the CG. Neither the ellipticities of matter density distribution (DM, star, tot) nor those of gravitational potential shape (gas, XSB, SZ) correlate with that of the CG. This result is inconsistent with a previous work by Soucail et al. (2015) , they reported tight correlation between ellipticities of BCG and those of light distributions. This discrepancy might be due to difference of method used to estimate ellipticities. They created the light map of galaxy clusters by smoothing light distributions of each member galaxy. Thus, their ellipses are not affected by each galaxy whereas those derived from our tensor method are affected by each galaxy as illustrated in Fig. A3 .
Ellipticities of stellar components are systematically higher than those of the CG. This is simply due to the other galaxy near the CG. In fact, an ellipse of √ ab = 0.1 Mpc (the most inner one) in stellar image of Fig. 1 is elongated toward a nearby galaxy (bottom left from the CG), which is located along the major-axis of the CG. aligned with major-axis of the CG in spite of no tight correlation of ellipticities between stellar components and the CG. The alignment suggests member galaxies are preferentially distributed along major-axis of the CG, which is consistent with previous findings (e.g. West 1994; West et al. 1995; West & Blakeslee 2000; Brainerd 2005; Yang et al. 2006; Kang et al. 2007; Azzaro et al. 2007; Faltenbacher et al. 2007; Li et al. 2013; Velliscig et al. 2015b; Huang et al. 2016; L'Huillier et al. 2017a; Foëx et al. 2017) .
Ellipticities of dark matter and total matter distributions are located around the diagonal line despite with large scatters. The correlations might be affected by two dominant effects; one is the projection effect, and the other is the effect of substructure. The projection effect is explained as follows. While dark matter and total matter distributions are projected by a length of 4.24 Mpc, ellipticities of CG are computed by using only CG particles that extend only ∼ 100 kpc along the line-of-sight. The projections of such a wide length scale for dark matter and total matter make their shapes of surface densities rounder than those projected only inner part. On the other hand, the existence of substructures, which are located preferentially along the major-axis of the CG, enhances ellipticities as discussed above. As a result of these two competitive effects, ellipticities of dark matter and total matter distributions may be comparable with those of the CG. Fig. 5 plots the correlations among ellipticities of different components evaluated at √ ab = 0.1, 0.5, and 1.0 Mpc. We find that ellipticities of stellar density distributions are higher, and those of gas are lower than those of dark matter. This result is consistent with that for the cluster explained in Section 3.3.
The strong correlation between DM and star is simply because each dark matter substructure contains stellar components that correspond to member galaxies in observations. In fact, Fig. 1 indicates that there is a substructure both in DM and star at upper right from the centre, and the ellipse is elongated toward the substructure.
STATISTICS OF CLUSTER SHAPE
5.1 Histograms of ellipticity and position angle Fig. 6 shows normalized histograms of the ellipticities and position angles relative to the CG. Note that these histograms are computed from N cl = 120 clusters (40 different clusters projected along three directions). Clearly the mean value of ellipticity of stellar (gas) distribution is higher (lower) than that of dark matter at all scales. Histograms of ellipticities for XSB and SZ are quite similar to that of gas. This result is consistent with that of Suto et al. (2017) , although the direct comparison is difficult because of slightly different method used for ellipse fitting. The histograms of position angles are peaked at ∆θ ≡ |θ − θ CG | = 0, implying that all the components are well aligned with the CG as described in Section 4. The alignments become weaker at large scales. The shape of the histograms is quite similar among all the components, implying that they are aligned with each other. Ellipticities for each component are almost constant at all scales except for that of gas density distribution, which systematically decreases with increasing √ ab. This is partly because the position of the CG is sometimes offset from the potential minimum which corresponds to the density peak of gas components. Since we fix the centre to the centre of mass of the CG, this mis-centring effect causes the elongation of the gas density ellipse at the most inner part toward the direction of gas density peak, resulting in relatively high ellipticities. Nevertheless, we fix the centre to the CG instead of the potential minimum to make it easier to compare our results to those from observations in which the potential minimum is not readily obtained.
In the outer region, ellipticities of XSB are systematically higher than those of gas and SZ. XSB is expressed as the integral of the square of the gas number density, ∫ n 2 gas dl, whereas SZ is computed as ∫ n gas T gas dl. Since mean ellipticities of gas and SZ are similar to each other for outer regions ( √ ab > 0.3 Mpc), the temperature distribution is not substantially inhomogeneous. Thus, the relatively higher values of XSB ellipticities might be caused by the inhomogeneity of the gas density. Table 1 shows mean values of ellipticities and their errors for DM, star, and XSB. While the quoted error-bars in Fig. 7 indicate the standard deviations of ellipticities, the errors in Table 1 indicate errors of mean values of ellipticities, which is simply computed by dividing the standard deviations by square root of N cl = 120. These values are consistent with those of Suto et al. (2017) within error-bars despite the different method to fit the ellipses (see right panel of Fig. 8 in Suto et al. 2017 ). We will compare these values with observations in Section 6. Fig. 8 shows the rms of position angles relative to the CG computed as
If the distribution of position angles relative to the CG is perfectly random, the value of rms is expected to be: . Left, middle, and right panels show the correlations between DM and star, star and gas, and gas and DM, respectively. they are well aligned with the major-axis of the CG. For comparison, Schneider et al. (2012) studied position angles between the major-axes of dark matter haloes for inner region and outer region based on N-body simulations. They showed the position angles between those computed from the innermost region, 0.1 times virial radius of the host halo r vir and those computed from different scales. A mean value of the position angle is ∼ 20 • at r vir (see their Fig. 7) , which is consistent with our result.
Solid lines in Fig. 8 suggest that position angles of the CG are mis-aligned with the other components. Fig. 8 also plots the rms of position angles relative to the total matter density distribution by dashed lines. The density distribution of dark matter is very significantly aligned with that of total matter, simply because total matter density distribution is dominated by dark matter distribution. The rms values for the other components are 10 • ≤ σ ∆θ ≤ 20 • , which are systematically smaller than those relative to the CG. This result indicates that the alignment with the total matter distribution is better than that with the major-axis of the CG.
Stacking analysis is often used to estimate ellipticities of galaxy clusters from weak lensing. In the stacking analysis, a prior information of position angles of matter density distribution is important to reconstruct the shape of clusters. There are two proxies of position angles of matter distributions that are adopted in the literature. One is that of the major-axis of the BCG, and the other is that of the satellite galaxy distribution. Assuming that (i) the CG in the current simulation can be regarded as the BCG in observations, and (ii) stellar mass density distribution in the current simulation matches luminosity distribution of satellite galaxies, our result suggests that the satellite galaxy distribution is a better prior for the stacking analysis than the BCG, at all scales. Although the satellite distribution is a better prior than the BCG, one should keep in mind that there is a non-negligible scatter between position angles of stellar components and total matter distribution, σ ∆θ ∼ 15 • , which must be taken into account when interpreting the stacking analysis results.
COMPARISON WITH OBSERVATIONS
Although the Horizon-AGN simulation is a state-of-the-art cosmological hydrodynamical simulation, it cannot perfectly reproduce the real universe. The results described above sections are thus valid only for the specific situation such as adopted cosmological parameters, mass resolution, star formation process, feedback process, and so on. Confronting our theoretical predictions based on the Horizon-AGN simulation should therefore provide a means of testing cosmological models as well as baryon physics implemented in the simulation. Here we tentatively compare our results with available observational data to check the validity of our results. Table 2 summarizes various observations of cluster ellipticities, which should be compared with our results shown in Fig. 7 and Table 1 . Below we discuss individual observations listed in Table 2 . Kawahara (2010) measured the axis ratios of X-ray surface brightness in the XMM-Newton cluster catalogue compiled by Snowden et al. (2008) . Note that the method to fit the ellipse for X-ray image is based on Jedrzejewski (1987) and is different from our method. The mean values of axis ratios are 0.78, 0.81, 0.79, and 0.78 at R = 0.1, 0.2, 0.3, 0.4r 200 , respectively, where R is semi-major axis of ellipses. The mean value of ellipticities = 0.21 is consistent our result = 0.23 ± 0.02 (Table 1) within the error-bar. Lau et al. (2012) used clusters observed by Chandra and ROSAT and measured their ellipticities by the tensor method that is similar to our method described in Section 3.2. They obtained a mean value of ellipticities, = 0.18 ± 0.05, for the local relaxed clusters. This value is also consistent with our result = 0.23 ± 0.02.
Comparison with ellipticities of observed clusters
Gravitational lensing is a powerful tool to probe the mass distribution of clusters. The ellipticity has been measured in various studies through both strong and weak lensing methods. Evans & Bridle (2009) analysed 4281 clusters from the catalogue of Koester et al. (2007) created from Sloan Digital Sky Survey (SDSS) data. They stacked the weak lensing signals of individual clusters by rotating a cluster to align the major axis of the satellite galaxy distribution. They corrected systematic effects from anisotropic point spread function (PSF) following Bernstein & Jarvis (2002) and Hirata & Seljak (2003) . The errors on the shear map were taken into account by
where σ i includes the shot noise due to the finite number of photons and detector noise, and σ SN denotes the shape noise coming from intrinsic variance of galaxy shapes (see their equation 12)
They fitted the stacked signals by an elliptical Navarro et al. (1997) profile and obtain the axis ratio b/a = 0.48 +0.14 −0.09 that corresponds to = 0.52 +0.09 −0.14 . This ellipticity should be regarded as a lower limit because in stacking they implicitly assumed the perfect alignment between major axis of cluster mass distribution and that of satellite galaxy distribution, which is not the case in our result (see Fig. 8 ). Since this misalignment smears out the stacked ellipticity signal, the real value would be slightly larger. Assuming our result σ ∆θ = 15 • as the rms, the ellipticity is expected to be higher by a few percent. Nevertheless, their value of mean ellipticity is consistent with our result = 0.36 ± 0.02 (Table 1) within an error-bar even if the effect of the misalignment is taken into account. Richard et al. (2010) measured the ellipticities of clusters taken from Local Cluster Structure Survey. They fitted strong lensing data with the elliptical mass distribution using LENSTOOL (Kneib 1993; Jullo et al. 2007) , and obtained averaged ellipticity 2D = 0.34 ± 0.14 in the inner region (< 250 kpc). This value is consistent with our result = 0.36 ± 0.01 (Table 1) , which may imply that the bias described in the paper that strong lensing clusters are expected to be rounder in the sky is not very strong. Oguri et al. (2010) reported one of the most significant detections of the cluster ellipticity with gravitational lensing at 7σ confidence level. They used weak lensing signals of X-ray luminous clusters from Subaru/Suprime-Cam imaging data . They corrected anisotropic PSF following Kaiser et al. (1995) . They considered both the intrinsic shape noise of galaxies and cosmic shear due to large scale structure. They measured ellipticities for individual clusters without any prior by directly comparing the lensing shear map with elliptical model predictions, and obtained the mean ellipticity = 0.46 ± 0.04. This value is higher than our result of = 0.36 ± 0.02, presumably because of the higher cluster masses (M ∼ 10 15 M ) of these clusters. Many studies suggested that dark matter haloes with higher masses have higher ellipticities (e.g. Kasun & Evrard 2005; Paz et al. 2006; Gottlöber & Yepes 2007; Flores et al. 2007; Despali et al. 2014 ) Oguri et al. (2012) obtained the similar value of ellipticity = 0.47 ± 0.06 for strong lensing galaxy clusters from SDSS. They took into account anisotropic PSF and noise following Oguri et al. (2010) . They analysed their weak lensing signals through the stacking analysis by using position angles derived from strong lensing analysis as a prior information. They claimed that this prior enables much more robust stacking analysis than using other priors. This prior is however only available for the strong lensing clusters. They also modeled these clusters by using strong lensing method described in Oguri et al. (2009) and Oguri (2010) , and found noisy but slightly lower mean ellipticity = 0.38 ± 0.05. Clampitt & Jain (2016) used the technique to measure the quadrupole weak lensing signal, and applied it to a sample of SDSS clusters. They corrected anisotropic PSF following Reyes et al. (2012) and Huff et al. (2014) . They considered the noise from the intrinsic shape of galaxies and measurement on each background galaxy following Mandelbaum et al. (2013) and Sheldon et al. (2012) . They obtained the best fit value of the mean ellipticity of = 0.19 with 1σ uncertainty of ∼ 0.05. They ascribed this smaller value to the misalignment between major axis of the BCG and that of cluster halo which is implicitly assumed to be aligned. Given the large uncertainty, their result is broadly consistent with our result. Shin et al. (2018) applied the quadrupole technique to SDSS clusters. They estimated anisotropic PSF, measurement noise and noise from the intrinsic shape following Clampitt & Jain (2016) . The resulting mean ellipticity value with a prior of the satellite galaxy distribution is = 0.45 ± 0.09 after correcting for Poisson sampling. They also measured the ellipticity of satellite galaxy distribution as = 0.42±0.04, and that derived from stacked weak lensing with a prior of the CG major axis as = 0.25 ± 0.06. Kawahara ( By comparing these ellipticity values, they also estimated the rms misalignment angle of 30 • between the CG and dark matter halo and 18 • between satellite galaxies and dark matter halo. These misalignment values are in good agreement with our result (see also Section 6.2).
van Uitert et al. (2017) used an estimator similar to Clampitt & Jain (2016) and constrained the average ellipticity of galaxy groups obtained from Galaxy And Mass Assembly (GAMA) survey combined with the weak lensing signal measured by Hildebrandt et al. (2017) from the Kilo Degree Survey (KiDS). They did not consider anisotropic PSF but consider the intrinsic shape noise. They compared different priors for stacking analysis of weak lensing signals at different scales. Their resulting values of the mean ellipticity are = 0.38 ± 0.12 (40 kpc< R < 250 kpc) and = 0.05 ± 0.13 (250 kpc< R < 750 kpc) for the BCG prior, whereas = −0.04 ± 0.11 and = 0.349 ± 0.13, respectively for the prior of the satellite galaxy distribution. They concluded that the BCG major-axis (satellite galaxy distribution) is aligned (misaligned) with the dark matter halo orientation on small scales (< 250 kpc) whereas the BCG major-axis (satellite galaxy distribution) is misaligned (aligned) with dark matter on large scales (> 250 kpc). This result appears to be inconsistent with our result which indicates that the distribution of satellite galaxies is aligned better than the major-axis of the CG at all scales, 100 − 1000 kpc. This discrepancies are partly because they use galaxy groups with M 200 ∼ 10 13 M rather than galaxy clusters we considered in this paper, M 200 ∼ 10 14 M . Nevertheless, further work is needed to explain this inconsistency, for example by analyzing the galaxy groups with masses of M 200 ∼ 10 13 M in the Horizon-AGN simulation. Donahue et al. (2016) systematically measured the ellipticities of X-ray surface brightness, Sunyaev-Zel'dovich effect (SZE), gravitational lensing map, and the BCG for clusters from Cluster Lensing and Supernova survey with Hubble Space Telescope (CLASH). They used X-ray data from Chandra X-ray Observatory and measured the axis ratio based on the procedure described in Donahue et al. (2015) . The method is almost the same as the one we used (see Section 3.2). The same procedure was applied to the SZ Compton y-parameter map obtained from the Bolocam SZ images (see Sayers et al. 2013; Czakon et al. 2015) . They found the mean axis ratios 0.09 ± 0.05 and 0.1 ± 0.06 for XSB and SZ, respectively at scales of 500 kpc. These values are much lower than our results, which is not surprising because their clusters were selected to be nearly circular in X-ray. They also measured the ellipticity of gravitational lensing surface mass density map created from both strong and weak lensing. The detail of the lensing analysis is described in Zitrin et al. (2015) . The resulting mean ellipticity value is 0.2±0.08 at 500 kpc, and is also lower than our result ( = 0.36 ± 0.02) probably due to the selection effect.
Strictly speaking, the observational ellipticities derived from lensing analysis are not exactly the same as those of total matter distributions in the simulation since observable in the lensing is shear signals whereas the total matter distributions correspond to the convergence signals. In addition, observations have various systematics such as Poisson noise of background galaxies, intrinsic alignment, and contamination of point spread function. The most straightforward way to compare our results with these observations is to create mock shear catalogue and evaluate the ellipticities by adopting the same lensing method. Such analysis is beyond the scope of this paper, and will be presented elsewhere. 
Comparison with observed position angle distributions
In this subsection, we regard the CG of the simulation as the BCG in observations, since the CG is supposed to be almost identical to the observed BCG as described in Section 2.2. Fig. 9 compares normalized histograms of position angles between two components from the Horizon-AGN simulation with observations. The observational data are based on position angles of the BCG from Donahue et al. (2015) , those of XSB, SZ, and tot from Donahue et al. (2016) , and those of stellar distribution from West et al. (2017) . We choose 25 clusters in Donahue et al. (2016) (see their Table 1 and Fig. 1 ). Twenty of these clusters were selected based on their relatively round X-ray shape and with prominent BCG at their centre being well aligned with X-ray. For these 20 clusters, Donahue et al. (2015) measured the position angles of BCGs by using the surface brightness weighted tensor method. They obtained the position angles for both ultraviolet and near-infrared data. We use those derived from near-infrared data because near-infrared light is dominated by old stars which is expected to dominate the mass in the centre of BCG. The values are summarized in Table 3 in Donahue et al. (2015) . Donahue et al. (2016) measured the position angles of XSB and SZ by using the same method as Donahue et al. (2015) , and those of total matter distributions by utilizing the otherwise identical procedures for lensing-based surface mass density maps. We use their values estimated within 500 kpc. The values for XSB, SZ, and tot are summarized in Table 3 , 6, and 5 in Donahue et al. (2016) , respectively. West et al. (2017) measured position angles of the member galaxy distribution by computing the moments of inertia of the red sequence galaxy distribution. Table 1 in West et al. (2017) summarizes the resulting values.
We compare position angle between these components (10 combinations for 5 different components mentioned above) with our result shown in Fig. 6 . We use our measurement at 500 kpc following Donahue et al. (2016) . Fig. 9 shows the resulting p-values of the Kolmogorov-Smirnov test. We find that histograms from the simulation generally agree well with observations, except for those related to SZ. One of the reason of the low p-values related to the SZ is the poor angular resolution of Bolocam with a full width half maximum of 58 , which makes measurement of the position angles for the SZ maps very noisy. The observed distribution would be more consistent with our simulation result once the measurement errors of the position angles are taken into account.
The relatively lower p-values related to the stellar distributions are partly because there are not sufficient numbers of member galaxies, and therefore Poisson noise affects the position angle measurement. To draw more robust conclusion, we have to take into account of selection effects and differences in measurement methods. Nevertheless, broad agreements between the simulation and the observations are encouraging, which invites more careful analysis of observational data based on our simulation results.
While Chisari et al. (2017) focused on the threedimensional alignment angle between galaxies and their host dark matter haloes, they also calculated projected shapes for galaxies in Horizon-AGN simulation and matched dark matter haloes in Horizon-DM simulation. They compared the major axises of galaxies in Horizon-AGN simulation and those of matched dark matter haloes in Horizon-DM simulation and derived the alignment angle distribution (see their Fig. B1 ). They obtained a mean alignment angle and dispersion of −2 • ± 48 • , which is marginally consistent with our result of 5 • ±30 • (Fig. 6 ) though both galaxies and host dark matter haloes in our analysis are in Horizon-AGN simulation. Tenneti et al. (2015) analysed the shapes and position angles of stellar and dark matter haloes in the MassiveBlack-II simulation , which is a cosmological hydrodynamical simulation including stellar and AGN feedback in a volume of (100h −1 Mpc) 3 comparable to that of the current Horizon simulation. They obtained a mean projected position angle between galaxies and dark matter haloes of 11 • (see their Table 2 ), which is smaller than our result of 21 • (Fig. 6) . The detailed comparison, however, is difficult since different method is used to derive the position angles. Velliscig et al. (2015a) reported the shapes and position angles of dark matter, stellar, and gas components in the EAGLE (Schaye et al. 2015) and cosmo-OWLS (Le Brun et al. 2014) simulations, which are smoothed particle hydrodynamics simulations (Monaghan 1992) . They obtained median position angles between stellar and total matter components of 10 • − 25 • (see their Fig. 13 ), which is consistent with our result of 10 • (Fig. 6 ).
CONCLUSIONS
We have a presented comprehensive study of projected alignments of stellar, gas, and dark matter distributions in galaxy clusters based on the ellipse fit to projected images of 40 galaxy clusters with masses larger than 5 × 10 13 M from the Horizon-AGN cosmological hydrodynamical simulation. For each cluster, we consider six different components; Xray surface brightness, Compton y-parameter of SunyaevZel'dovich effect, total, dark matter, stellar, and gas surface mass density distributions, which can be compared with observations. For each cluster we consider three different projection directions and regard them as independent. We thus have 120 independent projected images for each component, which allow statistical studies of projected non-sphericities and alignments between different components.
We have applied the tensor method to these images at 10 different scales over the range √ ab = 0.1 − 1.0 Mpc to derive the ellipticities and position angles at each scale. We also measured the ellipticities and position angles for central galaxies (CG), which are selected by the most massive galaxy in each cluster. Our main results are summarized as follows.
(i) Projected distributions of dark matter, stellar, and gas components are well aligned with the major axis of the CG, with the root mean square of their position angle differences of σ ∆θ ≡ |θ − θ CG | ∼ 20 • − 25 • , which is nearly independent of scales and components.
(ii) Projected distributions of dark matter, stellar, and gas components are aligned with total matter density distribution better than with the CG, with σ ∆θ of 1 • − 2 • for DM, and 10 • − 20 • between total matter and the other components.
(iii) Ellipticities of all the components do not show tight correlation with that of the CG even if position angles are fairly aligned with each other, ∆θ ≤ 10 • .
(iv) Ellipticities of dark matter, stellar, and gas distributions, correlate with each other. The correlation is stronger for DM-star, DM-gas, and star-gas in this order. The strongest correlation between dark matter and stellar components is simply because old stars that dominate stellar masses of clusters follow dark matter distribution fairly well. The better correlation between dark matter and gas components reflects the fact that gas components follow the gravitational potential of the cluster for which the contribution from dark matter dominates.
(v) Values of mean ellipticities and distributions of position angles derived in this paper are broadly consistent with various observations. The stronger alignment of stellar mass components relative to the total matter density than the CG implies that the distribution of satellite galaxy is a better prior information for the stacking analysis of weak lensing than the major axis of the CG. Our result indicates that the alignment is not perfect and hence the rms of position angle differences should be taken into account to correctly interpret the elliptical signals of weak lensing from stacking analysis. In this paper we have derived quantitative estimates of the rms values, which should provide useful guidance for interpreting the lensing signal from stacking analysis. Our result also suggests that X-ray surface brightness and SZ serve as useful prior for the stacking analysis, since alignments between XSB or SZ and total matter distributions are as tight as those between star and total matter distributions in our result. To summarize, our comprehensive analysis of alignments in the realistic hydrodynamical simulation provides useful clue in interpreting various stacking observations as well as designing future observations along this line. Our result may also be useful for studying correlations between cluster shapes and surrounding matter distributions up to very large scales (e.g. Osato et al. 2017; Piras et al. 2018) .
We still find that the position angles of matter distributions in galaxy clusters are moderately aligned with the major-axis of the central galaxy up to ∼ 1 Mpc. Numerical studies based on N-body simulation reported the similar alignment between dark matter halo at inner region and those at outer regions (e.g. Schneider et al. 2012) . In order to investigate the origin of the alignment, we will work on the evolution of galaxy clusters and central galaxy in the Horizon-AGN simulation, which will be reported elsewhere. Note added in proof: After this paper was submitted, three papers relating to the ellipticities and position angles of galaxy clusters were posted on the arXiv Sereno et al. 2018; Chiu et al. 2018) . These three papers analyse 20 galaxy clusters from the CLASH survey. They measure both two and three dimensional shapes of mass distributions by combining the X-ray and gravitational lensing data. Umetsu et al. (2018) estimates the median projected axis ratio of 0.67 ± 0.07, corresponding = 0.33 ± 0.07. The median value is lower than our resulting value 0.36 ± 0.02 (see Table 1 ) due to selection effect. This result is not unnatural because they select the CLASH clusters which have circular shapes in X-ray as also discussed in section 6.1. They also evaluate the misalignment angles of baryonic components (X-ray, thermal Sunyaev-Zel'dovich effect, brightest cluster galaxy) with respect to the weak lensing. They conclude that the major-axis of X-ray shows best aligned with mass distribution derived from weak lensing with a median misalignment angle of 21 • ± 7 • (see their Fig. 6 ). This result is quantitatively consistent with our result which indicates X-ray is aligned better than brightest cluster galaxy with respect to total mass distribution. The worse alignment of thermal SZ effect with respect to the total mass distribution might be due to large PSF of Bolocam images. CG CG Figure A1 . Projected distributions of dark matter, star, gas, and the CG from top to bottom of a galaxy cluster. This cluster is same as the one described in Section 3.3. The sizes of the panels are 4.24 Mpc×4.24 Mpc for dark matter, star, and gas distributions and 
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